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stalled in a 30-cm- (12-in. -) diameter pipe to evaluate design modifications for reducing 
exhaust emissions. Using an air-assist fuel nozzle, the combustion efficiency was in- 
creased from 90.3 to  96.5 percent, and the total hydrocarbon and carbon monoxide ex- 
haust emissions were  reduced from 26.3 to  3 . 3  and from 51 t o  40 g/kg of fuel burned, 
respectively. A corresponding increase in nitric oxide emissions from 0. 8 t o  1. 5 g/kg of 
fuel burned was  observed. 
of a typical engine indicated that the use of an air-assist nozzle during idle could decrease 
the total quantity of hydrocarbon and carbon monoxide emission by 69 and 20 percent, r e -  
spectively, while nitr ic oxide would increase by 14 percent. The required secondary 
nozzle airflow amounts to  less  than 0. 5 percent of the total engine airflow at idle. 
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- - . - -- 
7. Key Words (Suggested by Author(s)) 
5-57' engine Exhaust effluents 
Turbojet engine Air  pollution 
Combustor Spray nozzles 
Combustion efficiency 
._ - . -  - 
. .. - 
18. Distribution Statement 
Unclassified - unlimited 
USE OF A N  AIR-ASSIST FUEL NOZZLE TO REDUCE EXHAUST EMISSIONS FROM 
A GAS-TURBINE COMBUSTOR AT SIMULATED IDLE CONDITIONS 
by Daniel  B r i e h l  and Leonidas Papathakos 
Lewis Research Center 
SUMMARY 
Tests  were performed on a single 5-57 combustor liner installed in a 30-centimeter 
(12-in.) diameter pipe to  evaluate design modifications for reducing exhaust emissions 
at engine idle conditions. Combustion efficiency and exhaust concentrations of total un- 
burned hydrocarbons, carbon monoxide, and nitric oxide were measured for a typical 
idle condition at an  inlet total pressure of 2 atmospheres, an inlet total temperature of 
420 K (300' F), a reference velocity of 15 meters per second (50 ft/sec) and a range of 
fuel-air ratios of 0.004 to  0.015. The performance of six design modifications were 
evaluated and compared with the performance of the standard combustor. The best per- 
formance was obtained with a combustor using an air-assist fuel nozzle. At  an idle 
fuel-air ratio of 0.008, the standard combustor had a combustion efficiency of 90.3 per- 
cent, and exhaust concentrations of total hydrocarbons and carbon monoxide of 26.3 and 
51 grams per kilogram of fuel burned, respectively. Using an air-assist fuel nozzle for 
the same conditions, combustion efficiency was increased to 96.5 percent, and exhaust 
concentrations of total hydrocarbons and carbon monoxide were reduced to  3 . 3  and 40 
grams per kilogram of fuel burned, respectively. A corresponding increase in the ex- 
haust concentration of nitric oxide from 0.8 to  1. 5 grams per kilogram of fuel burned 
was observed. 
engine indicate that the use of an air-assist nozzle during idle could decrease the total 
quantity of hydrocarbon and carbon monoxide emissions by 69 and 20 percent, respec- 
tively, while nitric oxide would increase by 14 percent. The required secondary noz- 
zle airflow amounts t o  less than 0. 5 percent of the total engine airflow at idle. 
Calculations performed for a complete landing-takeoff cycle of a typical 
INTRODUCTION 
L 
References 1 to 3 clearly indicate that the major contribution to the pollution of the 
atmosphere by gas-turbine engines occurs in the vicinity of airports. The source of 
. . 
this pollution is due mostly to  emissions of (1) smoke and nitric oxide during takeoff and 
landing and (2) unburned hydrocarbons and carbon monoxide during idle and taxi. 
The operation of aircraft at engine idle and taxi conditions results in a combustion 
efficiency that is much lower than that at takeoff and cruise,  and therefore exhaust emis- 
sions of unburned hydrocarbons and carbon monoxide are significantly higher. Typical 
values for combustion efficiency at takeoff and cruise are 98 to  100 percent while at idle 
conditions, combustion efficiency may be well below 90 percent. The reasons for the 
low combustion efficiency at idle may be summarized as follows: 
(1) The combustor inlet total pressure and temperature a r e  relatively low because of 
the lower engine speed at idle. 
(2) The combustor primary zone fuel-air ratio is lower than the optimum design 
value (near stoichiometric) established for the higher overall fuel-air ratios required at 
takeoff and cruise.  
(3) Fuel atomization is generally poor at idle because the fuel nozzle pressure drop 
The purpose of this program was to investigate methods for altering combustor de- 
is at a minimum. 
sign in order to reduce exhaust emissions at idle conditions. In addition, the resulting 
improvement in combustion efficiency may significantly reduce total fuel consumption. 
Tests were conducted using a single 5-57 combustor installed in a 30-centimeter (12-in.) 
diameter pipe. The performance of six design modifications were evaluated and com- 
pared with the performance of the standard combustor. The basic approach used to im- 
prove performance at idle was  to (1) increase the overall primary zone fuel-air 
ratio, (2) increase the local primary zone fuel-air ratio in the vicinity of the fuel spray, 
or (3) improve fuel atomization. Performance was determined by measuring combustion 
efficiency and exhaust concentrations of total unburned hydrocarbons, carbon monoxide, 
and nitric oxide at typical idle conditions. 
APPARATUS AND PROCEDURE 
Facility 
The test  facility is shown in figure 1 and is described in reference 4. The tes t  com- 
bustor is housed in a 30-centimeter (12-in.) diameter pipe. A nonvitiating preheater was 
used to obtain an inlet total temperature of 420 K (300' F). The test facility was connec- 
ted to the laboratory air supply. Airflow rates and combustor pressures were regulated 
by remotely controlled valves upstream and downstream of the tes t  section. 
2 
w 
I 
, r T o  heat exchanger 
A 
.- Heat-exchanger bypass 
(airf low measured 
or i f ice located 
CD -10683- 11 
stat ion pray P A  w 
Figure 1. - Test instal lat ion. 
I 
1 - 
I 
I 
i 
I !
I 
- 
I 
I 
I 
I 
I 
Test Sect ion 
A cross  section of the test  section is shown in figure 2. The combustor reference 
a rea  was defined as the cross-sectional a rea  inside the 30-centimeter (12-in.) diameter 
tes t  section which is 7. 2X10-2 square meter (0.775 f t  ) or approximately one-eighth the 
annular cross-sectional a r ea  of the combustor housing in the 5-57 engine which contains 
eight combustor l iners.  To simplify fabrication, the inlet diffuser and the exit transition 
were made of constant a r ea  ducting of circular cross  section. 
2 
0 Total temperature 
0 Gas sample probe 
A Static pressure 
Section A-A Section B-B 
(Thermocouple 
location) 
Section C-C 
(Gas sample 
probe location) 
(a) Instrumentation stations. 
(b) Location of instrumentation at each station. 
Figure 2. - Combustor test duct. 
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Combustor Modifications 
Unless otherwise noted, tests were  performed with the standard fuel nozzle manifold 
from the J-57  engine which consists of six dual-orifice nozzles (fig. 3).  The combustor 
liner is shown in figure 4. 
dual-orifice nozzles were controlled by separate throttle valves. A typical flow calibra- 
tion for these nozzles is shown in figure 5. Unless otherwise noted, fuel flows at idle 
operating conditions were obtained using only the primary orifice. The six modifications 
tested are described in table I. 
Fuel-flows to the primary and secondary chambers of the 
The model 1 combustor had fuel flowing to alternate fuel nozzles so that only three of 
the six fuel nozzles were used. This modification increased the local fuel-air ratio in the 
vicinity of each of the three nozzles that were used. In addition, fuel atomization was im- 
proved by virtue of the higher pressure differential required to  maintain idle fuel flow. In 
practice, this model simulates a combustor that would have a separate fuel manifold for 
idle operation. 
The model 2 combustor was not specifically modified to reduce idle emissions, but 
instead was modified to reduce smoke emissions at takeoff conditions. This smoke re- 
duction was accomplished by increasing primary zone airflow to reduce the primary zone 
fuel-air ratio. Model 2 is identical to the model 5G combustor described in reference 4. 
In this model, six slots having baffles in front of them were cut in the dome. A 1.9- 
centimeter (0.75-in.) diameter short tube was installed in line with each swirler except 
the swir ler  in line with the spark plug. The airflow through the nozzle shroud was also 
increased. Airflow tothe primary zone was increased from about 25 to  35 percent of 
total airflow. Although this model had a satisfactory smoke number, altitude relight 
characteristics were poor. It would therefore be expected that the model 2 combustor 
would have lower combustion efficiency at idle conditions than even the standard combus- 
tor .  This model is not meant to be representative of other designs with reduced smoke 
emissions but merely illustrates an extreme case a s  primary zone fuel-air ratio is r e -  
duced. 
connecting a source of high pressure air to the primary chamber of the standard fuel noz- 
zle system in place of the primary fuel line. 
orifice. The primary side airflow pressure differential was 150  newtons per square cen- 
timeter (220 psi). Figure 6 shows airflow a s  a function of nozzle pressure differential 
for both primary and secondary nozzles. At the pressure differential used, 0 . 1 5  percent 
of the combustor airflow was passed through the primary side of the fuel nozzle. In prac- 
tice this would be accomplished by supercharging compressor bleed a i r  and supplying it to 
the primary fuel nozzles a t  idle operation only. 
Model 4 also consisted of an air-assist nozzle similar to model 3 except that high 
pressure air at 22 to 114 newtons per square centimeter (32 to 166 psi) was supplied to 
An air-assist fuel nozzle system was used in model 3 .  This was accomplished by 
Fuel was introduced through the secondary 
5 
C-71-814 
Figure 3. - Fuel nozzle manifold for  test combustor. 
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Figure 4. - Combustor l iner ,  
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Figure 5. - Typical flow cal ibrat ion for a set o f  six J-57 duplex fuel nozzles; cal ibra- 
t i o n  wi th  water corrected to ASTM A-1 fuel density. 
TABLE I. - COMBUSTOR MODIFICATIONS 
Description of modification 
Alternate fuel nozzles 
blocked off 
Increased primary zone 
air entry ports 
Air -assist fuel nozzle; 
air through primary 
Air-assist fuel nozzle; 
air through secondary 
A i r  swirlers blocked 
Simplex orifice nozzles 
Physical change 
Increase local fuel-air 
ratio and improve fuel 
atomization 
Reduce primary zone 
fuel-air ratio 
Improve fuel atomi- 
zation 
Improve fuel atomi- 
zation 
Increase primary zone 
fuel-air ratio 
Altered fuel spray 
pattern 
Purpose 
[ncrease combustion efficiency to reduce 
hydrocarbon and carbon monoxide emis- 
sions 
Reduce smoke 
~ 
Increase combustion efficiency to reduce 
hydrocarbon and carbon monoxide emis- 
sions 
Increase combustion efficiency to reduce 
hydrocarbon and carbon monoxide emis- 
sions 
tncrease combustion efficiency to reduce 
hydrocarbon and carbon monoxide emis- 
sions 
Increase combustion efficiency to reduce 
hydrocarbon and carbon monoxide emis- 
sions 
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Figure 6. - Ai r f low cal ibrat ion for  J-57 fuel  nozzle manifold. 
the secondary side of the fuel nozzle while fuel was introduced through the primary side. 
For the range of pressure differentials used, 0.12 to 0.51 percent of the combustor air- 
flow was passed through the secondary side of the fuel nozzle. This modification, in 
practice, would be accomplished by supercharging compressor bleed air and supplying it 
to the secondary fuel nozzles at idle operation only. For higher fuel flows, fuel would 
be introduced through the secondary orifice in the standard manner. 
The air swirlers were blocked in model 5 to simulate a combustor with variable pri-  
mary zone air entry geometry in order to increase the primary zone fuel-air ratio. Pri- 
mary zone airflow was decreased from about 25 to 9 percent of total airflow. The swirler 
blockage would be removed for other -than-idle operation. 
zles used on the standard combustor. The nozzles used were Monarch ser ies  PLP with a 
70' semisolid spray pattern. The flow rating was 13.2 liters per hour (3.5 gal/hr) at 
69 newtons per square centimeter (100 psi). To compensate for the smaller diameter of 
the simplex nozzle, an annular spacer was installed between the simplex nozzle outer 
diameter and the swirler inner diameter. This modification simulated a change in the 
nozzle spray pattern. 
Simplex nozzles were used in the model 6 combustor instead of the dual-orifice noz- 
8 
In st ru  mentation 
Airflows were measured by square edged orifices installed according to ASME speci- 
fications. Fuel flows were measured by turbine flowmeters. Pressures  were  measured 
by strain gage transducers. 
The axial location of the test instrumentation planes are shown in figure 2(b). The 
cross-sectional positions of the gas sampling probes? thermocouples? and combustor 
static pressure taps a r e  shown in figure 2(a). Exit temperatures were measured by 
40 bare junction Chromel-Alumel thermocouples positioned at the center of equal a reas  
a s  shown in figure 2(a). 
Exhaust Emission Probe 
The exhaust emission probe, which is water-cooled, is shown in figure 7. The probe 
was designed to sample the exhaust stream a t  five positions at  the centers of equal areas. 
Two probes, positioned at  90' from each other, were used to gather a sample a s  shown 
in figure 2(a). All five sampling positions of each probe were connected together in a 
Figure 7. - Exhaust emission probe. 
9 
manifold outside the test section, and the sample flows of the two probes were also man- 
ifolded together. The sampling line length was about 9 meters  (30 ft) .  The temper- 
ature of the sample line was maintained at 480 K (400' F). The emission sample was 
analyzed for total hydrocarbon content by an on-line Beckman Model 106E flame ioniza- 
tion detector. The flame ionization cell temperature was 370 K (220' F). Batch samples for 
gas analysis were collected for carbon monoxide in 150- or 300-milliliter stainless steel 
vessels and for nitric oxide in 250- or 300-milliliter glass vessels. The content of these 
vessels were analyzed at a later date. Carbon monoxide content of the exhaust sample 
was determined using a Beckman Model GC-4 gas chromatograph. Nitric-oxide content 
was found using the Saltzman method described in reference 5. 
Test Condition s 
Tests were conducted over a range of fuel-air ratios at simulated idle conditions of 
2 atmospheres inlet total pressure,  420 K (300' F) inlet temperature, and 15 meters per 
second (50 ft/sec) reference velocity. Some data were also taken at 370 K (200' F) inlet 
total temperature. The fuel used was ASTM A-1 with an average hydrogen-carbon ratio 
of 0.161 and a lower heating value of 43 200 joules per gram (18 600 Btu/lb). 
RESULTS AND DISCUSSION 
Combustor Eva1 uation 
Combustion efficiency and exhaust emission data will be compared for the standard 
combustor and six modifications. Test  results a r e  shown in table 11. 
Combust ion Efficiency 
Combustion efficiency is defined as the ratio of actual temperature rise, as deter- 
mined by averaging the 40 exit thermocouples, to the theoretical temperature rise for 
ASTM A-1 fuel as determined by the fuel-air ratio and the inlet total temperature and 
pressure.  The effects of each modification on combustion efficiency a r e  shown in fig- 
ure 8. Large decreases in efficiency at fuel-air ratios below about 0.008 are partly at- 
tributed to  poor fuel atomization due to nozzle pressure differential falling below 34 new- 
tons per square centimeter (50 psi), which is considered to be the minimum pressure for 
sufficient atomization. The tailed symbols in figure 8 indicate a nozzle pressure drop of 
10 
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TABLE II. - TEST RESULTS 
(a) All data a t  simulated idle conditions: inlet p re s su re ,  2 atmospheres; inlet temperature ,  420 K (300' F); r e f e rence  velocity, 1 5  me te r s  per  
second (50 ft/sec); airflow, 1 .87  ki lograms per  second (4.14 lb/sec) 
'ombus- 
Lon effi- 
ciency 
44.5 
90.3 
95.9 
51.8 
87.8 
95.9 
50.0 
61 .3  
92 .3  
82.8 
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97 .7  
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Model I Fuel-  I Exhaust emissions Exit 
emperaturr  
Fuel nozzle 
p re s su re  
differential 
?rimary-nozzle 
irflow pressur6 
differential 
~ 
lecondary-nozzl< 
iirflow pressurc 
differential I r:~o i Hydrocarbons :arbon monoxide Nitric oxide - 
O F  
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K 
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- 
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.340 
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66 
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9 40 
646 
______ 
psi  
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~ 
178 
28.4 
183 
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~~ 
1 5 . 2  
71 .5  
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~~ 
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5.0 
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14.7 
59.8 
203 
17 .8  
18 .6  
16 .0  
65.6 
64.0 
62.6 
12.1 
50.9 
______ 
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16.7 
38.9 
168  
- 
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~~ 
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481 
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36 5 
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62 
56 
42 
318 
236 
188 
228 
161 
134 
912 
59 0 
250 
480 
384 
148 
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(b) All data  a t  simulated idle conditions: inlet p re s su re ,  2 atmospheres; inlet temperature ,  366 K (200' F) ;  r e f e rence  velocity, 1 5  me te r s  per  
second (50 ft/sec); a i r f low,  2.15 kilograms pe r  second (4.75 lb/sec) 
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meters per  second (50 ft/sec); inlet total pressure, 2 atmospheres, i n l e t  total tempera- 
ture.  420 K (30@ F). 
less  than 34 newtons per square centimeter (50 psi). The modifications with the air- 
assist nozzles (models 3 and 4) produced the biggest improvement in combustion effi- 
ciency. The percentage improvement of models 3 and 4 became greater as fuel-air ratio 
was decreased. The air-assist flow pressure differential was 151 newtons per square 
centimeter (219 psi) for model 3 and 114 newtons per square centimeter (166 psi) for 
model 4. A t  a fuel-air ratio of 0.008, the combustion efficiency was improved from 90.3 
percent for the standard combustor to 96.7 percent for model 3 and 96.5 percent for 
model 4. The lowest combustion efficiency at a fuel-air ratio of 0.008 was obtained with 
model 2. This low efficiency of 61 percent was due to  the low primary zone fuel-air ratio 
in model 2. Although model 1 had a relatively high fuel nozzle pressure drop of 126 new- 
tons per square centimeter (183 psi) at a fuel-air ratio of 0.0083, the combustion effi- 
ciency was still slightly below that of the standard combustor at this fuel-air ratio. Some 
improvement in efficiency over the standard combustor was obtained with the model 5 
combustor at a fuel-air ratio of 0.008. No improvement was noted for the model 6 com- 
bustor. 
Total Hydrocarbons 
Total hydrocarbons emission data a r e  shown plotted in figure 9. Emission index is 
defined as grams of emission per  kilogram of fuel burned. As expected from the combus- 
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Figure 9. - Variat ion of hydrocarbon emission index wi th  fue l -a i r  ratio. 
tion efficiency results presented in figure 8, the only modifications that provided a large 
reduction in hydrocarbon emission index were models 3 and 4. Total hydrocarbon emis- 
sion at a fuel-air ratio of 0.008 varied from about 38 grams per kilogram fuel for models 
2 and 5 to 6 . 7  grams per kilogram fuel for model 3 and 3.3 grams per kilogram fuel for 
model 4. The standard combustor had a hydrocarbon emission index of 26.3 grams per 
kilogram fuel at a fuel-air ratio of 0.008. The high emission index for model 5 at a fuel- 
air ratio of 0.004 is probably due to poor mixing at low fuel-air ratios. 
Carbon Monoxide 
Carbon monoxide emission data a r e  shown in figure 10. Choosing a fuel-air ratio of 
0.008, the carbon monoxide emission index ranged from a high of 154 grams per kilogram 
fuel for the model 2 combustor to lows of 40 grams per kilogram fuel for the model 4 com- 
bustor and 28 grams per kilogram fuel for the model 3 combustor. The standard combus- 
tor had a carbon monoxide emission index of 51 grams per kilogram at a fuel-air ratio of 
0.008. For the range of fuel-air ratios shown in figure 10, models 3 and 4 had substan- 
t ially lower emissions than the other models tested. The high carbon monoxide emission 
index for the standard combustor at the low fuel-air ratio is consistent with its low effi- 
ciency at this condition. 
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N i t r i c  Oxide 
The emission data for nitr ic oxide are shown in figure 11. All data are below an 
emission index of 2 for the range of fuel-air ratios tested. At a fuel-air ratio of 0.008 
the model 4 combustor had the highest emission index of 1.5. Model 2 had the lowest 
emission (0.1 g/kg fuel) at a fuel-air ratio of 0.008. This low emission in the model 2 
combustor is due to  the low primary zone fuel-air ratio. The increase in nitric oxide 
emission of models 3 and 4 over the standard combustor was attributed to  an increase in 
the rate of formation of nitr ic oxide due to  an increase in reaction zone temperature be- 
cause of higher combustion efficiency. Reference 2 indicates that typical aircraft gas 
turbine engines at idle and takeoff have nitric oxide emission indexes of 2.0 and 4.3, 
respectively . 
Effect of A i r -Ass is t  Nozzle Pressure Di f ferent ia l  
A series of tests were made with the model 4 combustor over a range of air-assist 
nozzle pressure differentials in an effort to determine how much air-assist flow was re- 
quired to effect a substantial change in combustion efficiency and exhaust emissions. The 
results of these tests are shown in figures 1 2  to  15. 
differential is shown in figure 12.  For a fuel-air ratio of 0.008, a pressure differential 
of 40 newtons per square centimeter (58 psi) is sufficient to increase combustion effi- 
ciency from 90.3 to  98.5 percent. This represents 0 .2  percent of the combustor total 
airflow. The drop in efficiency at 120 newtons per square centimeter is within the accu- 
racy of the efficiency calculations. At an inlet total temperature of 370 K (200' F) and a 
fuel-air ratio of 0.008, the combustion efficiency increased from 92.3 percent with no 
secondary airflow to 96.8 percent with an air-assist nozzle pressure drop of 102 newtons 
per square centimeter (148 psi). 
Variations of hydrocarbon emission index with secondary nozzle airflow pressure 
differential are shown in figure 13. At a fuel-air ratio of 0.008, a pressure differential of 
70 newtons per square centimter (102 psi) is required to reduce the hydrocarbon emission 
index from 27 grams per kilogram fuel to 6 grams per kilogram fuel. This airflow rep- 
resents 0 .3  percent of total combustor airflow. At an inlet total temperature of 370 K 
(200' F) and a fuel-air ratio of 0.008, the hydrocarbon emission index was reduced from 
32 grams per kilogram fuel to 7 .4  grams per kilogram fuel with an air-assist nozzle 
pressure differential of 102 newtons per square centimeter (148 psi). 
The variation in combustion efficiency with secondary fuel nozzle airflow pressure 
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Carbon monoxide emission index is shown plotted against secondary fuel nozzle air- 
flow pressure differential in figure 14. For a fuel-air ratio of 0.008 a secondary airflow 
pressure differential of 40 newtons per square centimeter (58 psi) is required to reduce 
the carbon monoxide emission from 70 grams per kilogram fuel to 37 grams per kilogram 
fuel. At an inlet total temperature of 370 K (200' F) and a fuel-air ratio of 0.008, the 
carbon monoxide emission index was reduced from 93 kilograms per gram fuel to  
61 grams per kilogram fuel with a nozzle pressure differential of 102 newtons per square 
centimeter (148 psi). 
ferential is shown in figure 15. There is a trend toward increasing nitric oxide emission 
with increasing secondary nozzle airflow pressure differential (although emission index 
levels off at about 60N/cm ) because more efficient fuel atomization results in higher 
combustion efficiency thereby increasing the temperature in the primary zone and in- 
creasing the rate of nitric oxide formation. 
A plot of nitric oxide emission index against secondary nozzle airflow pressure dif- 
2 
SUMMARY OF RESULTS 
A ser ies  of modifications and a standard production of 5-57 combustor were tested at 
simulated idle conditions, and comparisons made of combustion efficiency and total hy- 
drocarbons, carbon monoxide, and nitric oxide emissions. The models with the best per- 
formance were those having air-assist fuel nozzles. The combustor with air-assist flow- 
ing through the secondary side of the fuel nozzle had the following performance compari- 
son with the standard combustor at simulated idle conditions (inlet total pressure,  2 atm; 
inlet total temperature, 420 K (300' F); reference velocity, 15 m/sec (50 ft lsec);  fuel- 
air ratio, 0.008): 
1. Combustion efficiency was increased from 90.3 to 96.5 percent. 
2. Total hydrocarbon emission index was decreased from 26.3 to 3.3 grams per kilo- 
3 .  Carbon monoxide emission index was decreased from 51 to 40 grams per kilogram 
4. Nitric oxide emission index was increased from 0.8 to 1 .5  grams per kilogram 
5. To obtain substantial performance increases, a secondary airflow pressure dif- 
6. The secondary nozzle airflow required at a pressure differential of 40 newtons 
gram fuel. 
fuel. 
fuel. 
ferential as low as 40 newtons per square centimeter (58 psi) was required. 
per square centimeter (58 psi) represents 0.2 percent of the total combustor airflow. 
t 
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A P PLICATION OF RESULTS 
J 
Application of air-assist fuel nozzles to present day production turbojet engines for 
use during idle operation could substantially improve combustion efficiency and reduce 
total hydrocarbon and carbon monoxide emissions. The tests described herein were  made 
with the standard dual-orifice fuel nozzles with air flowing through the secondary side. It 
is possible that, if special nozzles were  designed for air-assist operation during idle op- 
eration, performance improvements could be even greater.  No attempt was made to  
assess the problem of incorporating this design modification into a typical turbojet 
engine. 
Calculations were performed in order to  predict the overall change in the quantity 
of pollutants emitted into the atmosphere during landing and takeoff operations of a 
typical turbojet engine after installing an air -assist fuel nozzle system for idle opera- 
tion. Data on fuel consumption of a JT3D engine during taxi, idle, landing, takeoff, 
approach, and climbout were obtained from reference 2. The landing-takeoff (LTO) 
cycle is defined to include operations below an altitude of 900 meters (3000 ft). 
LTO cycle were also obtained from reference 2.  These data were then used to  calculate 
the quantities of carbon monoxide, total hydrocarbons, and nitric oxide emitted per 
engine during (1) taxi and idle, (2) approach, and (3) takeoff, landing, and climbout. 
These results a r e  presented in table In. 
ing the installation of an air -assist fuel system for idle operation. These calculations 
were performed by multiplying the emission indexes given in reference 2 for the JT3D 
engine at idle and taxi by the ratios of the experimental emission indexes obtained in 
this program for the model 4 of the standard J-57 combustor. These results a r e  also 
presented in table HI. Hydrocarbon emissions were reduced from 10.2 to  3.18 kilo- 
grams (22. 5 to  7.02 lb), a reduction of 69 percent. 
19.9 to  16.0 kilograms (43.9 to  35.2 lb), a reduction of 20 percent. Nitric oxide 
Corresponding emission indexes for a JT3D for the various operating phases of the 
Corresponding emission quantities were then calculated for the same engine assum - 
Carbon monoxide was reduced from 
- 
Hydro- 
carbons 
15.0 
16.0 
.10 
___. 
TABLE m. - EMISSION COMPARLSON FOR ATYPICAL 'TURBOJET ENGINE OPERATED OVER AN LTO CYCLE. WITH AND WITHOUT AIR ASSIST FUEL NOZZLES 
kg 
8.03 
2. 16 
.02 
10.2 
Operational mode Fuel ronsumed Emission indexes for r -- 1 p e r g g i n e  1 Unmodi~e~~luundPustor.  
Ib 
17.7 
4.71 
.05 
22.5 
kg 
1.00 
l .  16 
.02 
3.18 
Ib 
2.20 
4 . 1 7  
.05 
7.02 
(b) 
18.6 
1.18 
.l5 
19.9 
Pollutant produced by 
unmodified coinbustor 
41.0 
2.60 
.33 
43.9 
Taxi and idle 
Approach 
Takeoff. landing, 
Total 
and climbout 
- -  
106.8 235.5 
135.3 298.2 
215.0 413.9 
451.1 1001.6 
Nitric 
oxide 
Emission indenes f o r  
air-assist  combustor, 
g 'kg fuel 
Hydra 
carbon. 
9.40 
16.0 
.10 
I Pollutant produced by a ir -ass i s t  combustor 
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emissions were increased from 1.50 to  1.71 kilograms (3.31 to  3.76 lb), an increase 
of 14 percent. As was previously explained, the increase in nitric oxide emissions is 
a result of the increased combustion efficiency. 
Lewis Research Center, 
National Aeronautics and Space Administration, 
Cleveland, Ohio, April 16, 1971, 
126 -15. 
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